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Abstract
Fouling can be defined as the formation ofdeposits on heat transfer surfaces that
impede heat transfer and increase the resistance to fluid flow. The presence of fouling
deposits result in the loss of equipment efficiency, the loss of equipment utilization, the
requirement of additional capital expenditures, and adds the cost of cleaning to a process.
The cost of fouling to all industries using heat exchangers in the United States was
estimated to be 2 x
10+1
dollars per year in 1995. Thus, the control ormitigation of
fouling is critical to all industries which employ heat transfer equipment.
In this work, a simplified transient heat transfer resistance fouling measurement
apparatus was designed and a simplified analysis protocol was formulated. The design of
the apparatus was optimized through first order parametric modeling and finite difference
modeling of the system.
A solvent evaporation techniquewas utilized to deposit a film ofknown thickness
and thermal conductivity inside the apparatus. Testing results, from before and after
fouling deposition, indicate that the apparatus and analysis protocol were capable of
measuring fouling thermal resistances of2.6
m2
K/W. This measurement capability is
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List of Symbols
As is surface area (m2)
Bi is the Biot Number - ratio of the internal thermal resistance of a solid
to the boundary layer thermal resistance (h Lc/k)
Cp
is the specific heat at constant pressure (J / kg K)
d is the circular duct diameter (m)
/"is the friction factor (2 tw / p
Um2
)
h is the convective heat transfer coefficient (W /
m2
K)
k is the thermal conductivity (W /m K)
Lc is the characteristic length (m)
If is the thickness of the fouling layer (m)
Nu is the averageNusselt number - dimensionless temperature gradient at
the surface (h d I k)
Pr is the Prandtl number - ratio ofmomentum to thermal diffusivities (cp ju/ k
=
v I a)
r, is the difference from the true value of the parameter R
R is the dependent parameter under evaluation, which is a function ofX, Y, etc.
R,,. is the true value of the dependent parameter
R is the thermal resistance of the system
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K /W)
Rf is the fouling heat transfer resistance (K /W)
Rf is the fouling heat transfer resistance for the given surface area (K
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t is time (s)
Tis the instantaneous temperature of the mass (K)
Um mean flow velocity (m / s)
V is the volume of the lumped mass (m3)
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X,,. is the true value of an independent parameter
y, is the difference from the true value of the parameter Y
Ya is the true value of an independent parameter
Greek Symbols
a is the thermal diffusivity of the fluid
(m2
/ s)
<fid is the fouling deposition rate (K /W sec)
0r is the fouling removal rate (K /W sec)
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rt is the thermal time constant (sec)
tw is the wall shear stress (kg /
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1.0 Introduction
Fouling can be defined as the formation ofdeposits on heat transfer surfaces that
impede heat transfer and increase the resistance to fluid flow. The presence of fouling
deposits results in the loss of equipment efficiency (through increased heat exchanger
power utilization), the loss of equipment utilization (through process shutdowns for
cleaning), the requirement of additional capital expenditures (through the cost of
over-
sizing heat exchangers), and adds the cost of cleaning to a process. Thus, fouling control
research is driven by its cost to industry. Sohal (1993) estimated the cost of fouling in the
refinery industry alone to be between one and nine billion dollars. Bott (1995) estimated
the cost of fouling for all industries using heat exchangers in the United States to be 2 x
10+1
dollars per year. These estimates do not include the increased capital expenditures
thatwere required in equipment design. Thus, the control or mitigation of fouling is
critical to all industries which employ heat transfer equipment: the petroleum industry,
the milk processing industry, power, and process industries.
Because of its importance to a wide range of industrial applications, fouling has
been studied formany years. Information concerning the types of fouling, models for
predicting fouling rates, and methods formeasuring fouling is abundant in the open
literature. However, detailed understanding of the type of fouling and the correlation of
the actual fouling kinetics with the fouling models can only be attained through
experimentation. Thus, foulingmonitoring equipment is critical to the understanding of
the "fouling
system."
The purpose of this investigation was to design, fabricate, and evaluate a fouling
measurement apparatus. The requirements of the device included sensitivity to thin
fouling films, compact size, and state of the art accuracy and repeatability. The transient
heat transfer resistance technique was selected for the design of the fouling monitoring
device. This technique was selected based on its documented sensitivity to fouling
[Fetkovich etal. (1977), Kuzay and Bors (1984)].
To provide insight into the influence of the geometric parameters on the fouling
heat transfer detection limit, an error analysis was performed. Because of the complexity
of the system ofgoverning equations [Fetkovich et al. (1977)], a first order
approximation was performed utilizing the lumped capacitance formula for transient heat
transfer. The analysis determined the influence of time and temperature measurement
detection limits on measurement accuracy.
A finite difference heat transfer analysis code, THERMONET [Kandlikar (1993)],
was used to analyze the transient heat transfer in the proposed fouling measurement
apparatus. A THERMONET model sensitivity analysis was performed examining the
number ofnodes and iteration step size. Models with different volumes, heat loads, and
convective heat transfer coefficients were used to optimize the design of the measurement
device for increased measurement sensitivity. The model results were also compared to
the experimental data to determine the predictive capability of the models.
Two transient heat transfer devices were fabricated. Both devices were evaluated
as fabricated, without fouling, to determine their inherent heat transfer characteristics. A
coating ofknown thickness and thermal conductivity was then applied to the interior of
one of the devices. This device was then re-evaluated. The results of the experiments
were analyzed and conclusions regarding the fouling measurement capability and
feasibility of the analysis technique were derived. Recommendations for future upgrades
to the device to increase measurement capability and improve operational aspects were
made.
2.0 Background
This section will provide an overview of the categories of fouling, the fouling
process, models for predicting fouling rates, and methods formeasuring fouling. The
review will focus on the methods formeasuring fouling and only a cursory review of
fouling categories, the fouling process, and fouling models will be given.
2.1 Classification of Fouling Categories
Fouling is an extremely complex phenomenon. From a fundamental point of
view, it may be characterized as a combined momentum, heat, and mass transfer problem
[Herman and Knudson (1979)]. Fouling is not only dependent on the operating
conditions of the process, but is highly dependent on the operating solution. For this
reason fouling takes place by different mechanisms, at different rates, possesses different
compositions, and possesses different effects on the overall process. The categories of
fouling (foulingmechanisms) and the environments in which they are dominant are
summarized below.
Precipitation (Crystallization) Fouling
Crystallization ofdissolved material in the flowing fluid occurs whenever the fluid
becomes supersaturated with respect to the depositing material. Precipitation fouling can
occur in cooling water systems, desalination systems, boilers, geothermal systems, and
black liquor evaporators.
Particulate Fouling
Accumulation ofparticles from fluid containing suspended solids. Particulate fouling can
occur in the energy generation industry.
ChemicalReaction Fouling
Chemical reactions taking place at a heat transfer surface. The solid products of the
reaction are deposited on the surface. Chemical reaction fouling can occur in the
petroleum and food processing industry.
Corrosion Fouling
Chemical reaction of contaminant materials (including heat transfer surfaces) with the
circulating process stream. Corrosion fouling can be classified into two categories: ex-
situ (corrosion products form in the solution and are deposited on the heat transfer
surface) or in-situ (corrosion products form at the heat transfer surface).
Biological Fouling
Development of an organic film consisting ofmicroorganisms (microbial biofouling) and
their products on the heat transfer surface, or deposition and growth ofmacroorganisms
such as barnacles.
Solidification Fouling
Freezing of a pure liquid or the highermelting constituents of a multi-component solution
onto a subcooled surface.
Combination Fouling
This type of fouling takes into consideration "real
world"
fouling. Most fouling that
occurs on heat transfer surfaces are the result of two ormore of the above described
fouling types. In the initial stage ofdeposit formation, one particular type of fouling may
predominate, and this can accelerate deposition by other types of fouling.
2.2 The Fouling Process
In addition to the category of the fouling, the general sequence of events by which
the fouling takes place, fouling kinetics, is of importance in understanding fouling.
Information on fouling kinetics can provide insight into the influence of solution
properties, process equipment, and process parameters on the fouling process. In
addition, information on fouling kinetics can also provide insight into the selection of
theoretical models for describing the fouling process. These aspects of the fouling
process enable the engineer to generate preventative measures to mitigate or delay
fouling.
The fouling process can be divided in five steps [Epstein (1983), Knudson
(1992)].
1 . Initiation: Formation or aggregation of fouling components in the body of the fluid
2. Transport: Transport of fouling components to the heat transfer surface
3. Attachment: Attachment or formation of the deposit at the heat transfer surface
4. Removal: Removal ofmaterial from the heat transfer surface (by: dissolution,
erosion or re-entrainment, spalling, or sloughing)
5. Aging: Changes in the physical or chemical nature of the fouling
It is important to note that these processes are different for every fouling problem due to
the differences in process conditions, equipment (surface finishes, etc.) and process
solutions. However, in both the oil refinery and the milk processing industries it has
been observed that products with similar composition and processing conditions exhibit
similar fouling composition/kinetics.
2.3 FoulingMathematical Models
Fouling is considered to be the result of two simultaneous processes: deposition






Where: dRj/dt is the net fouling rate
fy is the fouling deposition rate
<f>r is the fouling removal rate
Equation 1
A model of this form was first proposed by Kem and Seaton (1959). Since then
numerous fouling models have been generated, but they all follow the form proposed by
Kern and Seaton (1959).
The fouling process can be studied by examining changes in the heat transfer
characteristics of a process. Changes in the measured convective heat transfer represent
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Where: Rf is the fouling heat transfer resistance (K /W)
hfis the fouled surface convective heat transfer coefficient
hc is the clean surface convective heat transfer coefficient
As is surface area
k is the thermal conductivity
If is the thickness of the fouling layer
The kinetics of fouling can be measured by monitoring fouling resistance with time (Rf
versus time). Knudson (1992) has identified that the fouling resistance curves follow
several distinct models; linear, falling rate, asymptotic, and saw-tooth.
The fouling resistance curves shown in Figure 1 can be modeled by Equation 1 if



























characteristic of a fouling system where the deposition rate is constant and the removal
rate is either zero or constant. The asymptotic fouling model is characteristic of a fouling
system where the deposition rate is constant and the removal rate is proportional to the
thickness of the deposit; or the deposition rate decreases with deposit thickness and the
removal rate remains constant. This behavior is indicative ofdeposits which flake off
easily due to fluid flow (shear forces). The falling rate fouling model is characteristic of a
fouling system where the deposition and removal rates are complex functions of flow
rate, fouling thickness, etc. The saw-tooth fouling model is characteristic of a fouling
system where the fouling periodically sloughs off or periodic cleaning is performed. The
time segment, denoted tD, represents the delay time of the fouling. This can occur during
the nucleation of the fouling layer on the process surface at the microscopic level. During
this time no significant losses in heat transfer are observed and in some cases the heat
transfer resistance is decreased due to the increased surface roughness [Knudson (1992)].
2.4 FoulingMeasurement
The primary goals of a fouling measurement system are:
To gain understanding of the kinetics of fouling and cleaning;
To understand the correlation between fouling kinetics and process performance;
To gain understanding of the nature of the fouling deposits; and,
To determine the required process cleaning frequency.
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To this end, numerous devices have been designed for the explicit purpose ofmeasuring
process fouling. The fouling monitoring devices have utilized different measurement
methods or techniques. A list of the different measurement methods along with a brief
description of the principle ofoperation is included below.
Heat TransferResistance Techniques
Heat transfer resistance techniques involve the comparative assessment of a devices heat
transfer performance before and after fouling occurs. This measurement technique has
been utilized as both a local measurement parameter (change in heat transfer of a specific
location in the device [Somerscales et al. (1986)]) and as a global or overall measurement
parameter (change in heat transfer of the entire device [Webb and Kim (1989), Abu-
Zaid(1992)]). The measurement technique has been used in both the steady state mode,
using theWilson Technique [Wilson (1915), Somerscales et al. (1986)], and the transient
mode [Fetkovich et al. (1977)]. Somerscales et al. (1986) stated that thermal resistances




K/W were measured with a high level of
confidence by the steady state, global measurement system. Fetkovich et al. (1977) and
Panchal (1989) both stated thermal resistances measurement capability of 10 x
10"5 m2
K/W for the transient, local measurement system.
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Optical Techniques
Optical techniques use optically transparent sections that enable the use ofoptical sensors
for the measurement of fouling [Gallot-Lavallee et al. (1982)]. The accuracy and
precision of this technique depend not only on the optical system applied but on the
optical properties of the fouling. Gallot-Lavallee et al. utilized an optical sensor to
qualitatively detect the amount ofmaterial removed by a chemical cleaning solution
(optical system output voltage was correlated to the fouling level in the chemical
solution).
Removable Section Technique
The removable section technique utilizes removable "witness
plates"
or sample coupons
placed in the process flow stream [Roe et al. (1985)]. The sample coupons can be
removed from the processing equipment for detailed analysis of the fouling. Analysis
techniques include microscopic, gravimetric, spectroscopic, and other analytical
techniques. Roe et al. (1985) stated several disadvantages to this technique, including:
Intrusive nature of sampling technique;
The sample may not see exact process conditions (temperature, etc.);
Sample may be too small for physical or chemical assays; and,
Unknown relationship of the fouling to the performance of the heat exchanger system.
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PressureDrop Technique
The pressure drop technique involves the monitoring of the inlet and outlet pressure of an
apparatus to detect increased resistance to fluid flow (back pressure) [Roe et al. (1985)].
The resistance to fluid flow is the result of a decrease in the size of the flow path,
hydraulic diameter, due to the accumulation of fouling. Roe et al. stated several
disadvantages to this technique; the measurement is insensitive until a critical fouling
thickness is reached, and pressure drop is usually only important for transfer processes
(i.e., fouling will begin to affect the heat transfer processes long before the pressure
measurementwill detect the presence of fouling).
Electrochemical Techniques
Electrochemical techniques are used for the detection andmonitoring of corrosion
fouling. Several different techniques exist [Winters et al. (1993)]:
Zero resistance ammetry (ZRA);
Electrochemical current noise (ECN);
Electrochemical potential noise (EPN); and,
Linear polarization resistance (LPRM).
Winters et al. (1993) stated that EPN and ECN were particularly sensitive to corrosion pit
initiation and propagationwhile ZRA and LPRM track generalized fouling.
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Holographic Interferometry Technique
Holographic interferometry fouling measurement technique utilizes two-wavelength
interferometry to measure temperature and concentration profiles simultaneously in
crystalline fouling [Seyfried (1990)]. Seyfried (1990) utilized this technique to observe
the dynamic fouling process, in real-time.
Ultrasonic Technique
Ultrasonic fouling measurement technique utilizes transmission ultrasonics to measure
fouling [Withers (1993)]. Withers stated that the technique would be useful for the
measurement of fouling deposits in the pipework of continuous high-temperature
processing plants. Withers has shown that the technique was able to detect a minimum
thickness of 0.1 mm.
SpecializedMethods: Silicon Sensor
The silicon sensor technique utilizes a silicon chip embedded into the wall of the test
surface to detect the presence of fouling [Stenberg et al. (1988)]. Within the silicon chip
a heater resistorwas used to set up a thermal boundary layer which was measured by a
temperature sensing diode. Fouling changed the thermal boundary layer produced by the
heater resistor, thus changing the temperature measured by the temperature sensing diode.
Stenberg et al.'s results implied that thermal resistances as low as 0.5 x
10"5 m2
K/W
could be measured accurately by this measurement technique.
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Table 1 summarizes of the attributes of the different fouling measurement techniques.
Measurements utilizing these principals ofoperation have been employed in
laboratory, and industrial settings. The environment dictates the design of the instrument.
Fryer and Pritchard (1987) proposed four criteria for the design of either a production or
laboratory fouling monitoring system:
1 . Size The monitor should be ofmodest size so that it can be easily installed,
serviced, and replaced;
2. Cost Because it is not an accepted practice to utilize fouling monitors it is important
that the initial costs be low;
3. Reliability The monitor should be robustly constructed, require the minimum
maintenance and provide reproducible data that is easy to interpret; and,
4. Relevance - The device should closelymodel the process flow conditions so that
results can be related back to the full scale process
2.4.1 Commercially Available FoulingMonitors
Because of the importance of fouling in industrial operations, heat transfer fouling
monitoring systems have been developed and are now commercially available.
Chenoweth (1981) provided a summary of fouling monitoring devices that were
commercially available in 1981, see Appendix A. The foulingmonitormanufacturers
identified in Chenoweth's report were contacted to determine the types ofdevices
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Table 1: Summary of the FoulingMeasurement Technique Attributes
Fouling Measurement Technique




X X X X X X
Local Fouling Measurement












All All Corrosion All All All
Size ofEquipment
Moderate Moderate Small Small Moderate Large Small Small
Cost ofEquipment
Moderate Unknown Low Low Unknown Unknown Moderate Unknown
Reliability
Excellent Unknown Good Poor Unknown Unknown Unknown Unknown
Measurement Resolution
Excellent Good Excellent Poor Good Good Poor Excellent
Measurement Cycle Time
Good Good Poor Excellent Good Good Excellent Good
FoulingMeasurement Technique Key:
1 . Heat Transfer Resistance Techniques
2. Optical Techniques
3. Removable Section Technique
4. Pressure Drop Technique
5. Electrochemical Technique




commercially available today. Two of the companies provided information on the "state
of the
art"
commercially available devices (attempted contacts with the other companies
were unsuccessful).
Calgon'
s product line included fourmonitoring devices that focused on corrosion
detection and two monitoring devices that focused on the detection ofgeneric fouling.
The device names and a briefdescription of the principle ofoperation are included in
Table 2.
Bridger Scientific offered an updated version of their DATS 1200 fouling
monitor. The updated design utilizes the same theory ofoperation as the DATS 1200
device, overall heat transfer resistance technique, applied as a steady state measurement.
Neither Calgon nor Bridger Scientific offered a fouling monitor that utilizes the transient
heat transfer resistance measurement technique. This may be a result of the simplicity of
the analysis techniques for the steady state devices.
2.4.2 Heat Transfer Resistance FoulingMonitors
Because of the measurement accuracy and detailed documentation of the
measurement theory, heat transfer resistance measurement techniques are by far the
dominant method formeasuring fouling. Within this very broadmeasurement technique
category, there are two theories of application
- transient and steady state. In the transient
method, a temperature differential is applied and the cooling behavior of the device is
17
Table 2: Calgon Fouling Monitoring Devices:
Calgon Corporation Product Catalog (1996)
Device Name Principle ofOperation
Coupon Removable Section Technique - Gravimetric Analysis
CORRATER Electrochemical Technique - Linear Polarization-Resistance
CORROSOMETER Electrochemical Technique - Electrical Resistance (Zero
Resistance Anemometry)
CDTU Removable Section and Visualization Techniques - Observation
and Analysis ofCorrosion Under Heat Transfer Conditions
DDM Heat Transfer Resistance Technique - Steady State, Overall




Heat Transfer Resistance Technique - Steady State, Overall
Measurement Technique - Off-line Real-Time Fouling Test
Device
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monitored. In the steady state method, the wall temperature is monitored while a
constant heat flux is applied.
Herman and Knudson (1979) provided an overview of the different heat transfer
resistance fouling measurement apparatuses that have been developed (see Appendix B).
The overview included the forms ofheating, the system geometry, application technique
(transient and steady state), and the distinguishing features of the devices. Heating
techniques that have been employed in heat transfer fouling monitors include indirect
electrical, thermoelectric, direct electrical, sensible heating of fluids, condensing vapor,
and electrically heated wires and coils. System geometries that have been employed in
heat transfer fouling monitors include annular, circular, and complex. In addition to the
operational and configuration differences, Herman and
Knudson'
s summary (1979)
(Appendix B), also notes whether the measurement was local (applying to the fouling at a
specific point in the process equipment) or overall (applying to the fouling of the entire
apparatus). Local measurements give reliable results for both small fouling resistances
and low heat fluxes [Fischer et al. (1975)]. However, this technique can lead to
fluctuating results particularly in cases where the fouling builds-up and periodically
breaks free from the surface (e.g., sedimentation fouling - saw-tooth fouling pattern).
Fetkovich et al., (1977) and Panchal (1989) stated that thermal resistances as low
as 10 x
10"5 m2
K/W could be measured accurately by the transient, local measurement
system. The transient techniques precision is based on two premises:
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Direct measurement of temperature differential by a thermopile and the accuracy of
time measurements gives greatermeasurement precision; and,
Insensitivity to calibration - except for the flow meter.
The complexity of this technique lies in the method for determining the relationship
between the heat transfer resistance and the time constant. Fetkovich (1976) and Kuzay
et al. (1982) utilized an analytical approximation to the exact solution for the analysis of
experimental data. Kuzay et al. (1982) also modeled the transient heat transfer system
using the finite difference technique and compared the results of the model to the
experimental results.
2.5 Objectives of the PresentWork
The objectives to this study were:
1 . To identify the existing fouling measurement techniques and compare their fouling
detection capabilities;
2. To understand the influence ofprocess and geometric parameters on the measurement
sensitivity of a selected measurement technique;
3. To design and fabricate a prototype fouling monitor utilizing optimized design
conditions;
4. To test the prototype fouling monitor and determine its measurement capability; and,
5. To compare the measurement capability of the prototype fouling monitor with fouling
monitors disclosed in the open literature.
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The requirements of the device included: sensitivity to thin fouling films, state of
the art accuracy and repeatability, and compact dimensions. The transient heat transfer




Fouling analysis by the transient heat transfer resistance method has been
employed in numerous studies [Fetkovich (1977), Panchal (1989),Meyer etal (1981),
Meyer etal. (1982), Kuzay (1980), Owens (1986)]. The most common design utilized
was the
"Carnegie-Mellon"
Ocean Thermal Energy Conversion (OTEC) design
[Fetkovich (1977)]. The geometry of the device was tubular, with heat being applied to
the outer surface and the cooling water flowing inside (fouling surface). Fouling was
monitored bymeasuring the rate ofheat transfer from a tube wall to the cooling solution
flowing inside. Variations on this designwere utilized by other investigators [Owens
(1986)], but the same geometry and measurement concepts were used. Meyer et al.'s
(1981) study utilized the transient techniquewith a different geometry, a rectangular flow
path. Based on the dominance of the tubular geometry in past transient heat fouling
monitors and its in-situ applicability, the tubular geometrywas selected for this study.
A theoretical analysis of the transient heat transfer resistance measurement
technique was performed to determine the effect ofprocess and design variables on
measurement capability. The process variables examined included the temperature and
time measurement capability, the heat load applied to the device and the convective heat
transfer coefficient. The design variables examined were the inside and outside diameter
(volume) of the cylindrical apparatus. The time and temperaturemeasurement
capabilities were evaluated by a lumped capacitance modeling analysis. The heat load,
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convective heat transfer coefficient, and the device geometry were evaluated by finite
difference modeling analysis.
3.1 Parametric Evaluation Utilizing Lumped Capacitance Model
To gain insight into the effects ofmeasurement capabilities on the precision of a
transient thermal resistance fouling monitor, an error analysis or uncertainty estimation
was performed. Because of the complexity of the governing equations in the exact
analytical solution [Fetkovich etal. (1977)], the uncertainty estimation was performed
utilizing a first order approximation to the analytical solution. The first order
approximation used was the lumped capacitance heat transfer formulation.
The lumped capacitance heat transfer governing equation is shown in Equation 3.
pVc T.-T
t = - In -i - Equation 3
H T-Tn
Where: t is time
p is the density of thematerial
Vis the volume of thematerial
cp is the specific heat at constant pressure
Tis the temperature
Ti is the initial temperature of the material
Too is the infinite time temperature
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Equation 3 is rearranged into a form equating the measurement and geometric parameters
to the convective heat transfer coefficient.
pVc T-T
h = '-^ In -* =- Equation 4
tA. T-T
M
3.1.1 Sensitivity Analysis Theory
Schenck (1979) provided a comprehensive overview of the theory ofuncertainty
analysis in experimentation. Schenck outlined two generic formulations for the error and
uncertainty analysis of a result: the deviation of the result from the true value and the
percent error. The deviation quantity can be used to predict the influence of an
independent parametermeasurement capability on a dependent parameter.
The deviation quantity formulation utilized the first two terms ofa Taylor series
expansion [Schenck (1979)].
R +k =f(Xlr + K+...)+[( )
* ! 1 + ( ),
,r yx
^+...




Where: R is the dependent parameter under evaluation
Rfr is the true value of the dependent parameter
r is the difference from Rfr
x, is the difference from the true value of the parameter, X,,.
X,,. is the true value of an independent parameter
y, is the difference from the true value of the parameter, Y,,.
Ya is the true value ofan independent parameter
The first term in the Taylor series expansion (f(Xtr + Yfr + ...) )is the definition ofR;r
Thus, the first term on both sides ofEquation 5 drops from the formulation leaving the
difference or deviation terms.
,cR, k ,dR, A
.
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Equation 6 can be used to calculate the effect ofone parameter on another.
3.1.2 SensitivityAnalysis Application
The sensitivity analysis equationwas applied to the lumped capacitance
governing equation, Equation 4. The resulting sensitivity analysis formulation is shown
in Equations 7, 8, and 9.
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Ah = At + AT Equation 7
dt r dT t
Where:
oh












Equation 7 is the formulation for detennining the effect of one parameter on another, i.e.
the effect of time and temperature measurement capability on convective heat transfer
measurement capability. Equations 8 and 9 are definitions of the derivatives given in
Equation 7.
3.1.3 Measurement Capability Analysis
Equations 7, 8, and 9 were utilized to analyze the influence ofmeasurement
capability on convective heat transfer detection limits. The geometric system evaluated
was that of a tubular geometrywith fluid flowing through the center. The lumped
capacitance method does not take into consideration the geometry of the mass, only the
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volume, surface area, and thermodynamic properties of the material. These parameters
were calculated for the tubular geometry and utilized in the analysis. Figure 2 is a
schematic representation of the tubular apparatus. The portion of the apparatus being
modeled is identified in Figure 2. The geometric andmaterial property values used in the
analysis are given in Table 3.
Three levels of temperaturemeasurement and time measurement capability were
evaluated. The results of the convective heat transfermeasurement resolution analysis
are given in Table 4. The results in Table 4 are given as a ratio of the change in




Evaluation ofdata in Table 4 reveals a one-to-one correlation between the
temperature measurement capability and the convective heat transfer coefficient detection
capability (for the range evaluated). In addition, the data in Table 4 reveals that there is
little to no effect of time measurement capability on the convective heat transfer
coefficient detection capability (for the range evaluated).
3.1.4 Influence ofGeometric and Heat Transfer Properties
Sensitivity analysis was also performed to evaluate the influence of the geometric
(volume and surface area) and heat transfer properties (convective heat transfer
coefficient, measured temperature difference) absolute values. Variations of each





















































































































Table 3: Lumped Capacitance SensitivityAnalysis: Geometric andMaterial
Properties
Geometric orMaterial Property Value used in Lumped Capacitance
SensitivityAnalysis
Convective Heat Transfer, h 1000
W/m2
K
Outside Radius ofDevice, r0 0.03175 m
Inside Radius ofDevice, rf 0.0079375 m
Length ofDevice, L 0.1524 m
Volume ofDevice, V 0.0004524
m3
Inner Surface Area, A^ 0.007601
m2
Specific Heat (316 SS), cp 468 J/kg K
Density (316 SS), p 8238
kg/m3
Applied Temperature Difference, Ts - TM 10 K
Measured Temperature Difference, T - T^ 1.37 K
Time, t 456.39 seconds
Table 4: Measurement Capability Influence Analysis: Effect ofTime and
TemperatureMeasurement Capability on ConvectiveHeat Transfer Coefficient
Measurement Resolution, Ah/h (Convective Heat Transfer Coefficient of 1000
(W/m2
K))
TemperatureMeasurement Capability ( K)
0.1 0.01 0.001
Time 0.01 0.006906 0.0007104 0.00009075
Measurement 0.001 0.006887 0.0006906 0.00007104
Capability (sec) 0.0001 0.006885 0.0006887 0.00006906
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Tables 5 through 8 for volume, surface area, convective heat transfer, and measured
temperature difference, respectively.
The analysis revealed that the volume (Table 5), surface area (Table 6), and
convective heat transfer coefficient (Table 7) parameters did not significantly influence
the final convective heat transfer coefficient measurement capability. However, the
measured temperature difference did have an effect (Table 8). Largermeasured
temperature differences resulted in an increased sensitivity to the convective heat transfer
coefficient measurement.
The fact that the volume, surface area, and convective heat transfer coefficient did
not have an influence on the final convective heat transfer coefficient measurement was
not intuitive. These factors should have had an impact. This result is believed to be a
result of the over-simplification of the transient heat transfer system by the lumped
capacitance analysis. Thus, the finite difference modeling approachwas pursued to attain
information on the influence of these parameters.
3.2 Parametric Evaluation Utilizing Finite Difference Analysis
The lumped capacitance analysis did not yield information on the critical design
parameters of the device. Therefore, a finite element analysis was performed to generate
input on geometric design and heat transfer conditions. A commercially available finite
difference software package, THERMONET [Kandlikar (1993)], was used to study the
effect ofgeometric and heat transfer conditions on the transient measurement system
30
Table 5: Geometric Parameter Influence Analysis: Effect of System Volume on











Table 6: Geometric Parameter Influence Analysis: Effect ofSystem Surface Area














Table 7: Geometric Parameter Influence Analysis: Effect of Initial Heat Convective
















Table 8: Geometric Parameter Influence Analysis: Effect ofMeasured







No. ofTime Constants 1 (40%) 0.01175
(% Difference Between 2 (86%) 0.000691
TmaxandT) 3 (95%) 0.000168
32
detection capability. See Figure 3 for a schematic representation of the heat transfer
system being modeled. Isothermal fluid flows through the center of the device, heat is
applied to the outside diameter of the tubular shaped device, the heat load is removed
(turned off) and the temperature in the cylindrical device is measured with time.
The finite differencemodels generated take into consideration all three
dimensions of the tubular geometry. The angular dimension of the tubular geometry was
taken into consideration through the volume, conduction, and convection parameters of
the model. Heat conduction in the angular dimension was considered negligible. The
axial dimension of the tubular geometry was taken into consideration through the volume
of the model. Heat conduction in the axial dimensionwas considered negligible. The
resulting model appears to be one dimensional (see Figure 3), however, the volume
values used in themodel take into consideration the angular and axial dimensions of the
device.
3.2.1 Effect ofModel Node and Iteration Time Step
A study was performed to determine the effect of the number ofnodes and the
iteration time step size on the THERMONET model output. Two THERMONETmodels
of the cylindrical measurement system were created to perform this study; a 12 node
model and a 45 node model. Two iteration time steps were evaluated for eachmodel; 1
and 10 seconds for the 12 node model, and 2 and 10 seconds for the 45 node model.
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Figure 4: Schematic Representation of the 12 Node






10 Equally Spaced Nodes
Representing the Stainless Steel Tube






43 Equally Spaced Nodes
Representing the Stainless Steel Tube
of the Transient Fouling Monitor
divided into several distinct sections representing the flowing solution, thewall of the test
device, and the air surrounding the test device (laboratory environment). The breakdown
of the number ofnodes representing each section of the device is shown in Table 9.
The geometry, materials of construction, initial conditions, and heat load for both
models were the same. The detailedmodel conditions are given in Table 10.
The temperature output of the fourmodels were examined for trends. The node at
the position in the center of the test device wall, for eachmodel, was selected as the
comparison datum point. The center node temperature output data from the fourmodels
are given in Table 11. All model results were compared to the results of the 45 node, 2
second iteration step model1. The difference between the model output and the 45 node,
2 second iteration step model are also given in Table 11. The average difference between
each model and the 45 node, 2 second iteration step model is given in the last row of
Table 11.
Themodel temperature output data and model comparison results (Table 1 1) are
shown graphically in Figures 5 and 6, respectively. Figure 5 clearly shows that all
models produce the same general temperature trends. This result was expected. The plot
of the difference evaluation results, Figure 6, shows two general deviation patterns. The
12 node models (both 1 and 10 second iteration time steps) exhibit large deviations early
in the temperature transient, corresponding to the time that the heat load was applied in
themodel. The 45 node model shows a randomly fluctuating difference pattern.
iThe results of the 45 node model with the 2 second iteration time step were used as the basis for comparison. This
was based on the assumption that larger number of nodes and shorter iteration time steps yieldmore accurate results.
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Table 9: Breakdown or "Allocation" ofNodes for the 12 Node and 45 Node
THERMONET Models




Flowing Solution 1 1




Table 10: Parameter Values for the Finite Difference Analysis
Input Parameter Value used in THERMONET Analysis
Convective Heat Transfer, h 1000
W/m2
K
Outside Radius ofCylinder, r0 0.03175 m
Inside Radius ofCylinder, rs 0.0079375 m
Length ofCylinder, L 0.1524 m
Volume ofCylinder, V 0.0004524
m3
Inner Surface Area, A, 0.007601
m2
Heat Load, H 500 W for 240 seconds
Material ofConstruction 316 Stainless steel
Initial Temperature, T, 303 K
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Table 11: Finite Difference Analysis: Effect of the Number ofNodes and the




















































0 30.0000 30.0000 30.0000 30.0000 0.0000 0.0000 0.0000
10 30.0026 30.0213 30.0042 30.0320 0.0187 0.0017 0.0295
20 30.0352 30.0920 30.0506 30.1260 0.0568 0.0154 0.0907
30 30.1406 30.2300 30.1828 30.2955 0.0895 0.0422 0.1550
40 30.3355 30.4419 30.4094 30.5407 0.1064 0.0739 0.2052
50 30.6138 30.7222 30.7190 30.8540 0.1085 0.1052 0.2402
60 30.9609 31.0628 31.0954 31.2253 0.1019 0.1345 0.2644
70 31.3633 31.4535 31.5241 31.6444 0.0902 0.1608 0.2812
80 31.8095 31.8836 31.9935 32.1026 0.0741 0.1840 0.2931
90 32.2897 32.3479 32.4948 32.5921 0.0582 0.2050 0.3023
100 32.7965 32.8382 33.0209 33.1068 0.0417 0.2244 0.3103
110 33.3240 33.3510 33.5667 33.6417 0.0269 0.2427 0.3176
120 33.8688 33.8820 34.1280 34.1927 0.0132 0.2592 0.3239
130 34.4275 34.4283 34.7015 34.7567 0.0008 0.2741 0.3292
140 34.9978 34.9872 35.2846 35.3308 0.0106 0.2868 0.3330
150 35.5784 35.5556 35.8751 35.9129 0.0228 0.2967 0.3345
160 36.1679 36.1324 36.4711 36.5012 0.0355 0.3032 0.3333
170 36.7648 36.7166 37.0714 37.0943 0.0482 0.3066 0.3294
180 37.3672 37.3071 37.6746 37.6908 0.0601 0.3074 0.3235
190 37.9730 37.9031 38.2798 38.2896 0.0700 0.3067 0.3166
200 38.5800 38.5034 38.8860 38.8900 0.0766 0.3060 0.3100
210 39.1873 39.1073 39.4926 39.4912 0.0800 0.3053 0.3039
220 39.7935 39.7142 40.0990 40.0926 0.0793 0.3055 0.2991
230 40.3984 40.3224 40.7046 40.6935 0.0760 0.3063 0.2952
240 41.0016 40.9302 41.3091 41.2936 0.0715 0.3074 0.2920
250 41 .6002 41.5127 41.9078 41.8605 0.0875 0.3076 0.2603
260 42.1654 42.0452 42.4625 42.3639 0.1202 0.2972 0.1986
270 42.6542 42.5067 42.9294 42.7899 0.1475 0.2752 0.1357
280 43.0505 42.8901 43.2996 43.1382 0.1604 0.2491 0.0878
290 43.3607 43.2022 43.5843 43.4162 0.1585 0.2236 0.0555
300 43.5991 43.4515 43.7996 43.6338 0.1476 0.2005 0.0347
310 43.7796 43.6444 43.9599 43.8009 0.1352 0.1802 0.0213
320 43.9142 43.7920 44.0765 43.9264 0.1222 0.1623 0.0122
330 44.0120 43.9021 44.1585 44.0178 0.1099 0.1465 0.0058
340 44.0802 43.9816 44.2126 44.0811 0.0986 0.1324 0.0009






















































360 44.1483 44.0691 44.2568 44.1424 0.0792 0.1085 0.0059
370 44.1560 44.0843 44.2543 44.1476 0.0716 0.0983 0.0084
380 44.1500 44.0842 44.2391 44.1396 0.0658 0.0891 0.0104
390 44.1327 44.0743 44.2133 44.1205 0.0584 0.0807 0.0122
400 44.1058 44.0556 44.1788 44.0921 0.0502 0.0730 0.0137
410 44.0710 44.0270 44.1369 44.0559 0.0440 0.0659 0.0151
420 44.0294 43.9936 44.0889 44.0131 0.0358 0.0595 0.0163
430 43.9822 43.9543 44.0357 43.9648 0.0279 0.0535 0.0174
440 43.9302 43.9087 43.9783 43.9119 0.0215 0.0481 0.0184
450 43.8742 43.8581 43.9173 43.8550 0.0161 0.0431 0.0192
460 43.8149 43.8040 43.8534 43.7948 0.0109 0.0385 0.0201
470 43.7529 43.7455 43.7871 43.7320 0.0074 0.0342 0.0209
480 43.6886 43.6845 43.7187 43.6668 0.0041 0.0301 0.0218
490 43.6225 43.6209 43.6488 43.5998 0.0015 0.0263 0.0227
500 43.5549 43.5560 43.5776 43.5312 0.0011 0.0226 0.0238
510 43.4861 43.4900 43.5053 43.4613 0.0039 0.0191 0.0249
520 43.4163 43.4233 43.4322 43.3904 0.0070 0.0159 0.0259
530 43.3455 43.3557 43.3584 43.3187 0.0101 0.0129 0.0269
540 43.2741 43.2886 43.2842 43.2463 0.0145 0.0102 0.0278
550 43.2022 43.2209 43.2097 43.1735 0.0186 0.0075 0.0288
560 43.1301 43.1531 43.1350 43.1003 0.0231 0.0050 0.0298
570 43.0576 43.0848 43.0602 43.0268 0.0271 0.0025 0.0308
580 42.9851 43.0162 42.9853 42.9533 0.0311 0.0002 0.0319
590 42.9127 42.9470 42.9105 42.8796 0.0343 0.0021 0.0330

































































o O o o o o o o o
o O o o o o o o o
o O o o o o o o o
o O o o o o o o o
CD * tN o oo CD * <N o
* * * * to CO CO CO CO























































































(1) (1) 0> "=T
<1) a) fe CD
a) <l> JD -o











(3) 8DU3J3jj!Q 9jn]DJ3dai3i )nd]no
The average difference between the 45 Node model with a 2 second iteration step
and a 10 second iteration step was 0.057 K; and the average differences between the 45
Node model with a 2 second iteration step and the 12 Node model with 1 and 10 second
iteration steps were 0.139 and 0.131 K, respectively. The average difference results
indicate that both the number ofnodes and the iteration time step effect the accuracy of
the model output results.
The THERMONETmodel was used to determine the change in performance of
the device with changing process and geometric parameters. Since the trends exhibited in
all models were the same, the model which utilized the shortest "run
time"
or computer
analysis time was used to perform the geometric parameters and heat load analysis. Thus,
for execution ofgeometric and process condition analysis the THERMONET model with
the smallest number ofnodes and the largest iteration time step were used (i.e., the 12
node model with a 10 second iteration time step).
3.2.2 Effect ofApparatus Design and Experimental Conditions on
Measurement Capability
The 12 Node 10 second iteration step model was used to evaluate the fouling
detection ability of the proposed measurement device with changes to the device volume
and heat load. The analysis was performed by generating two finite difference models
with the different device volumes (same surface area, i.e., inside diameter) and executing
model runs with different heat loads and different convective heat transfer values. Model
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temperature output at three node locations (different radial locations within the heat
transfer apparatus) were examined to determine the effect ofmeasurement node radial
location. Evaluations were performed to examine the effect of the volume of the test
device (outside diameter of the reference block and heater blocks), the amount ofheat
added to the test device, and the absolute value of the convective heat transfer
coefficient2. The factor levels evaluated in the study are given in Table 12.
The analysis was conducted by comparing model results with and without a
simulated fouling. Fouling was simulated in the model by executing model runs with
convective heat transfer values that varied from the absolute values outlined in Table 12
(i.e., simulating the increased thermal resistance of the fouling layer). By comparing the
model results from the
"clean"
device (h,,) to those of the fouled device (hf) the heat
transfer detection limits are expressed in terms of fouling resistances. Assuming that the
change in the heat transfer surface area is insignificant, this relationship is expressed as






Where: Rf is the fouling heat transfer resistance
^The absolute value of the convective heat transfer coefficient is a factor because multiple flow velocities or
convective heat transfer values are required in theWilson method for determining the fouling resistance [Wilson
(1915)]. Therefore, analysis of convective heat transfer coefficient was performed to determine if high or low flow
conditions would provide the most accurate results.
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Table 12: Parameter Levels for the Effect ofMeasurement Node Radial Position,
Device Volume, Heat Load, and Convective Heat Transfer Coefficient Studies
Designed Experiment Factor Factor Levels Examined
Device Volume, V Small Volume: 0.00066
m3


















= 0.0155 m; r2






= 0.0218 m; r2
= 0.0330 m; r3
= 0.0441m
44
The relevance of this analysis method to the analysis of the transient fouling
monitor detection capability can be rationalized as follows: knowing the heat conduction
properties of the fouling layer, the fouling heat transfer resistance values
(Rf'
or If /kf )
could be used to calculate the fouling thickness or vice versa. Thus, analysis of fouling
heat transfer resistance values provides an indirect assessment of the fouling thickness
detection capability of the device.






/W, for each nominal convective heat transfer value. The fouling
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K) were used to
back-calculate the convective heat transfer resistance for the clean surface (using
Equation 10). For the case of a 10000 W /
m2
K fouled surface convective heat transfer
coefficient (hf), clean surface convective heat transfer values of9000 and 9900W /
m2
K






/W, respectively. For the case of a 1000 W /
m2
K fouled surface
convective heat transfer coefficient (hf), clean surface convective heat transfer values of
990 and 999W /
m2
K (hc) were utilized and the fouling heat transfer resistances were







Experimental conditions examined two level settings for each factor in a full
factorial experimental design format. This was done to assess possible interactions
45
between the parameters. All possible levels of the three factors, namely device volume,
heat load, and convective heat transfer coefficient, were assessed.
3.2.2.1 Effect ofMeasurement Node Position
The temperature results for the three node positions (see Table 12) were examined
by comparing the results ofdifferent fouling heat transfer resistances (difference between
the non-fouled model results and the fouledmodel results). The difference between the
model output at the end of the model run, 600 second iteration time step, were tabulated
for all three positions (see Table 13). Table 13 shows the results for the 0.0019
m3
device
volume, 1000 W heat loadmodel. The results are given for both convective heat transfer
coefficients (1000, and 10000
W/m2
K) and at both fouling heat transfer resistances. The
data shows a trend of increased temperature differences with lower radial distances (i.e.,
position 1 had the greatest temperature difference value). This trend is a result of the
position of the measurement node relative to the cooling source. The position closest to
the cooling source resulted in the greatest temperature difference for all process
conditions evaluated.
Based on temperaturemeasurement resolution limitations larger temperature
differences indicate an increased ability to detect fouling heat transfer resistances.
Therefore, temperaturemeasurement device locations closer to the cooling source, i.e.,
position 1, would enable a greater fouling detection capability. These effects were the
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Table 13: Effect ofMeasurement Node Position on Fouling Detection Capability;
Model Volume - 0.0019 m3, Heat Load - 1000W
Measurable Temperature Difference (K)


































same for all models, regardless ofdevice volume, heat load or convective heat transfer
coefficient (see Appendix C).
In addition to the examination of the model differences at the end of the model
run (Table 13), the model differences were examined graphically for the entire duration
of the model run (see Figure 7). Figure 7 displays the results of the node position
analysis for the large volume model (0.0019 m3) with a heat load of 1000W, a heat
transfer coefficient of 10000
W/m2




/W. Figure 7 clearly shows that the position 1 data provides the largest temperature
difference throughout the entire model evaluation time.
3.2.2.2 Effect ofDevice Volume
Geometric differenceswere evaluated by examining models with two different
outside diameters (inside diameter was held constant) (see Table 12). These results were
produced by the same analysis procedure as the node position study (comparison of the
model results for different fouling heat transfer resistances). The difference results are
represented in Table 14. Table 14 shows the node position 1 results for both device
volume models at a heat load of 1000 W. The results are given for both convective heat
transfer coefficients (1000, and 10000
W/m2
K) and for both fouling heat transfer
resistances. The data in the first three columns ofTable 14 indicate that for the same
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Table 14: Effect ofDevice Volume on Fouling Detection Capability;
Heat Load - 1000W
Measurable Temperature Difference (K)































volume model resulted in a 2X to 4X increase in temperature differences, as compared to
the large volumemodel.
Because the models are ofdifferent sizes the radial locations of each of the node
positions was different for large volume and small volume models. Therefore, for an
equal comparison, model results at like radial positions for bothmodels were compared.
Table 12 shows that position 3 in the small volumemodel has a radial position that is
slightly larger than that ofposition 1 for the large volumemodel. Examination of the
data in the third and fourth columns ofTable 14 indicates that the small volumemodel
provides a larger temperature difference than the large volume model (this is true for any
radial position, see columns 2, 3, and 4 ofTable 14).
Based on temperaturemeasurement resolution limitations larger temperature
differences indicate an increased ability to detect fouling heat transfer resistances.
Therefore, the smaller volume device would enable a greater fouling detection capability.
These effects were the same for allmodels, regardless ofmeasurement node position,
heat load or convective heat transfer coefficient (see Appendix C).
In addition to the examination of the model differences at the end of the model
run (Table 14), the model differences were examined graphically for the entire duration
of the model run (see Figure 8). Figure 8 displays the results of the model volume
analysis with a heat load of 1000W, a heat transfer coefficient of 10000
W/m2
K, and a
fouled heat transfer resistance of 1 x
10"5
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smaller volume model data provides the largest temperature difference throughout the
entire model evaluation time.
3.2.2.3 Effect ofHeat Load
Heat load differences were evaluated by examining two different heat fluxes for
the same time duration - 240 seconds. These results were produced by the same analysis
procedure as the node position and device volume studies (comparison of the model
results for different fouling heat transfer resistances). The difference results are given in
Table 15. Table 15 shows the node position 1 results for the 0.0019
m3
device model
volume at both heat loads, 500 and 1000 W. The results are given for both convective
heat transfer coefficients (1000, and 10000
W/m2
K) and for both fouling heat transfer
resistances. The data in Table 15 indicate that for the same device volume, convective
heat transfer, and fouling heat transfer resistances, the larger heat load resulted in larger
temperature differences.
Based on temperaturemeasurement resolution limitations larger temperature
differences indicate an increased ability to detect fouling heat transfer resistances.
Therefore, the larger heat load would enable a greater fouling detection capability. These
effects were the same for all models, regardless ofmeasurement node position, device
volume, or convective heat transfer coefficient (see Appendix C).
In addition to the examination of the model differences at the end of the model
run (Table 15), the model differences were examined graphically for the entire duration
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Table 15: Effect ofHeat Load on Fouling Detection Capability; Device Volume
0.0019 m3, Node Position 1 Data
Measurable Temperature Difference (K)

























of the model run (see Figure 9). Figure 9 displays the results of the heat load analysis
with the large volume model (0.0019 m3), a heat transfer coefficient of 10000
W/m2
K,
and a fouled heat transfer resistance of 1 x
10"5
Km2/W. Figure 9 clearly shows that
the larger heat load data provides the largest temperature difference throughout the entire
model evaluation time.
3.2.2.4 Effect ofConvective Heat Transfer Coefficient
To examine differences in different initial convective heat transfer coefficients
two different
"nominal"
convective heat transfer coefficients were examined. These
results were produced by the same analysis procedure as for the node position, device
volume and heat load studies (comparison of the model results for different fouling heat
transfer resistances). The difference results are represented in Table 16. Table 16 shows
the node position 1 results for both device volumes (0.00066 and 0.0019 m3), and heat
loads (500 and 1000 W). The results are given for both convective heat transfer
coefficients (1000, and 10000
W/m2
K) at a fouling heat transfer resistance of 1 x
10"5
K
m2/W. Comparison of the data in the Table 16 indicates that for the same device volume,
heat load, and fouling heat transfer resistances the larger convective heat transfer
coefficient resulted in larger temperature differences.
Based on temperaturemeasurement resolution limitations larger temperature
differences indicate an increased ability to detect fouling heat transfer resistances.
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Table 16: Effect ofConvective Heat Transfer Coefficient on Fouling Detection
Capability; Node Position 1 Data











Device Volume - 0.0019
m3
Heat Load - 500W
0.025768 0.083309
Device Volume - 0.0019
m3
Heat Load - 1000 W
0.051513 0.166637
Device Volume - 0.00066
m3
Heat Load - 500 W
0.112457 0.167766
Device Volume - 0.00066
m3
Heat Load- 1000 W
0.224922 0.340771
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detection capability. These effects were the same for all models, regardless of
measurement node position, device volume, or heat load (see Appendix C).
In addition to the examination of the model differences at the end of the model
run (Table 16), the model differences were examined graphically for the entire duration
of the model run (see Figure 10). Figure 10 displays the results of the convective heat
transfer coefficient analysis with the large volume model (0.0019 m3), a heat load of
1000W, and a fouled heat transfer resistance of 1 x
10"5
Km2/ W. Figure 10 clearly
shows that the larger convective heat transfer coefficient provides the largest temperature
difference throughout the entire model evaluation time.
3.3 Summary ofParametric Analysis
The above parametric analysis was utilized to identify the criticalmeasurement
parameters of the transient fouling detection system. In addition, the analysis was used to
determine the device geometry, thermocouple placement, heat load, and convective heat
transfer coefficient for enhancedmeasurement capability. The lumped capacitance
analysis results have indicated that temperaturemeasurement capability has a significant
impact on the measurement capability of the system. The finite element analysis has
indicated that a smaller device volume (smaller outside diameter given a constant inside
diameter), increased heat load, and larger convective heat transfer coefficients provide
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thermocouple should be placed near the inside diameter (near the convective heat transfer
source) to enhance measurement capability.
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4.0 ExperimentalApparatus and Procedures
Ameasurement system was fabricated to study fouling detection by the transient
heat transfer resistance method. The measurement system developed for this study
included a recirculating flow loop, a transient heat transfer resistance apparatus, and
associated data collection equipment. A schematic representation of the measurement
system is shown in Figure 1 1 . Testing and analysis procedures were developed,
including an outline for executing an experimental run, data collection protocol, and data
analysis protocol.
4.1 Recirculating Flow Loop
A flow system was designed to deliver constant temperature cooling water, which
was deminearlized, deionized, and filtered, at volumetric flow rates between 1.0 and 5.0
gpm. The recirculating system included a 100 gallon capacity stainless steel jacketed
reservoir. The reservoir jacketing system utilized a 10 gpm temperedwater sourcewhich
was controlled to a setpoint of 80 F. Thewater jacket system was able to control the
cooling water temperature to within 0. 1 F of the setpoint. The flow reservoir size was
selected such that heat generated by the fouling measurement apparatus would be easily
dissipated by the jacketing system.
A Tri-Clover, Model C-l 14, centrifugal pump was used to pressurize the system.
The pump was powered by a Reliance 1 HP, 3600 RPM variable speedmotor. A variable
























































































L- LL CO O

















































AMicromotion, D40, mass flow meter was used to measure the flow rate of the
solution circulating through the system. The flowmeter had an operating range of0.0 to
20400 g/min. Using a water density of0.9999 g/cc, the mass flow rate range corresponds
to a 0.0 to 5.4 gpm volumetric flow rate range. The accuracy of the flow meter is a
function of the mass flow rate, as shown in Equation 1 1 .
Accuracy (% of flowrate)
= 100 * ( 0.0015 + ( 4.1/flowrate ) ) Equation 1 1
Where: flowrate is the mass flow rate in g/min
For the flow rate range examined in this study, 1.0 to 5.0 gpm (3.79
- 18.95 1/min), the
accuracy range of the flowmeter is 0.26 % ( 9.8 g/min or 0.0026 gpm) to 0.17 %
(+ 32.2 g/min or 0.0085 gpm).
The lines from the vessel to the pump and from the pump to the flow meter were
1.0 inch ID Reinforced Tygon Tubing. All other lines, from the flowmeter to the
apparatus and from the apparatus to the vessel, were 0.62 inch ED Reinforced Tygon
Tubing. A section of straight stainless steel tubing, 25 inch long and 5/8 inch ID, was
placed prior to the fouling measurement apparatus to ensure fully developed flowwithin
the fouling measurement apparatus. The length of the tubing was determined by the 40
diameters rule-of-thumb for fully developed turbulent flow [(Potter and Foss (1982)].
The fittings at the inlet and outlet of the fouling measurement apparatus were Tri-
clover fittings. These fittings allowed for quick and easy insertion and removal of the
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fouling measurement apparatus. Fiberglass insulation was wrapped around the device to
minimize heat losses to the environment.
4.2 FoulingMeasurementApparatus
The fouling measurement apparatus constructed for this study had a tubular
geometry. The apparatus included the following attributes:
1 . A constant diameter bore, throughwhich the cooling solution was pumped;
2. A stepwise changing outside diameter, such that a heating section and a reference
section of the apparatus were formed;
3. A heating element attached to the outside diameter of the device, transient heat
source;
4. Thermocouples locatedwithin the heater and reference sections formeasuring
changes in the temperature of the apparatus; and,
5. Insulation surrounding the apparatus to control heat loss to the environment.
A detailed schematic of the fouling measurement apparatus, including
dimensions, is included in Figure 12. The significance of several of the key design
attributes is outlined below:
1 . The 0.06 inch wide gaps within the heater block were added to minimize axial heat
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2. The thermocouple holes were located close to the bore of the apparatus for
optimum fouling resistance measurement capability based on the THERMONET
analysis (Section 3.2.2);
3. The outside diameter of the device was selected to minimize device volume for
optimum fouling resistance measurement capability based on the THERMONET
analysis (Section 3.2.2); and,
4. The length and internal diameter of the device were selected based on the Fryer
and Pritchard (1987) fouling monitor design criteria, i.e., appropriate size, and
similarity to past fouling monitor designs.
A photograph of the actual foulingmeasurement apparatus is shown in Figure 13. Figure
13 shows the thermocouples extending from the apparatus, the electrical heaters wrapped
around the apparatus, and the insulation used to insulate the apparatus.
4.2.1 Heaters and Associated Equipment
Watlow, Wire Wound Silicone Rubber Heaters, 8
W/in2
Watt density, were placed
on both the heater block and the reference block. (See Appendix D, Figures Dl and D2,
for a detailed sketch of the heaters). Heaters were applied to both the heater and the
reference blocks to ensure that the external heat transfer from both the heating and the
reference blocks was the same.
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Figure 13: Photographs of the Transient Heat TransferApparatus
The heater block heater was attached to a DC power supplywith a variable
output. The output of the power supply was controlled to within 0.01 volts and 0.001
Amps. This was done to ensure repeatable accurate application ofheat to the apparatus.
4.2.2 Thermocouples and Associated Equipment
Omega TT-J-36-72, iron-constantan thermocouples were used formeasuring the
apparatus temperature. The holes of the apparatus were filled withWakefield
Engineering Type 120 Thermal Joint Compound to improve heat transfer between the
probe and the apparatus. The thermocouples were positioned in the holes of the reference
block and the heater block and Loctite RTV Silicone Adhesive Sealant was used to hold
the thermocouples in place. In addition, a thermocouple was placed between theWatlow
heater and the exterior of the heater block. This was done to monitor the temperature of
the heater.
The temperature of the water reservoir was monitored to ensure that the heat from
the experimental apparatus and the heat generated through the pumping operation were
being dissipated by the vessel jacketing system. The cooling water temperature was
measured using aBums Engineering Inc. RTD (Model WSPIC21-6-3A). The RTD was
permanentlymounted on the bottom of the reservoir.
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4.2.3 Data Collection/Computational Equipment
The output from the heater power supply and the thermocouples were connected
to an National Instruments Corp. DAQ data acquisition interface box. The DAQ data
acquisition interface box included amodel SCXI-1000 Chassis, a SCXI-1200 eight-
channel isolated analog inputmodule for signal conditioning, a SCXI-1 120 isolation
amplifiermodule, and a SCXI-1328 terminal block to collect thermocouple and heater
power supply data. This series ofSCXI (Signal Conditioning extension for
Instrumentation) equipment enabled signal amplification and input filtering (among other
features). The gains in the SCXI-1 120 isolation amplifiermodule were adjusted for
optimum thermocouple sensitivity (200 X gain). The
SCXI-1328 was designed for use
with thermocouples, as it was equippedwith a special cold temperature junction for
improved accuracy (zeroing) of the thermocouples.
The output of the National Instruments Corp. DAQ data acquisition interface box
was connected to an IBM Tlririkpad Computer. The output signals were recorded using
the Labview data collection software package. Calibration curves for the voltage input
signals were programmed into the Labview software such that the values being recorded
were in the desired units. The Labview software data collection routine was established to
collect data at a 1 .0 Hz frequency. The resulting data files were down-loaded into an
Excel spreadsheet for analysis. The length ofeach data collection run was approximately
10 minutes.
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The supply vessel temperature and themass flow meter output were collected
from aWestinghouseData Processing Family Computer (WDPF). The output from the
WDPF was in engineering units. This datawas downloaded directly into an IBM
Thinkpad using the LabView data collection program.
4.3 Method of Simulating Fouling in the Apparatus
The device was tested bothwith and without fouling to evaluate the performance
of the apparatus. To create a foulingwithin the apparatus a solvent evaporation technique
was used. In this technique, a material ofknown thermal conductivity was dissolved in a
solvent. The solvent/solute solution was then placed inside the tubular geometry and
drained from the device. Upon evaporation of the solvent a uniform layer of thematerial
was deposited on the inside the tubular geometry. Advantages of this deposition
technique include the ability to remove the film by using pure solvent and the ability to
deposit different film thicknesses using different concentrations of the solute in the
solvent.
The deposited film thickness is measured using a Pacific Lightwave TMS-10
Reflectometer through aMitutoyo Microscope at 100X magnification. The reflectometer
measures the reflection of light as it transmits through the transparent polystyrene film
and reflects off the stainless steel substrate. The reflectometer is calibrated by
referencing the apparatus to the reflection from a substrate ofknown reflection, a Silicone
wafer, and the reflection from a "black
box"
(i.e., no - low reflection surface).
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K [Brandrup and Immergut (1989)]), and the solvent
used was Toluene. The method was tested by fabricating several test pieces of the same
material and surface finish as the fouling measurement apparatus. The test pieces were
used to evaluate the thickness of the polystyrene depositwith different weight percent
concentrations ofpolystyrene dissolved in the Toluene.
The film thickness was calculated by comparing experimental results to the output
of amodel of the system being examined. In this experiment the model consisted of a
stainless steel substrate and a polystyrene thin film. Modeling software was used to
adjust the reflection properties of the stainless steel (based on surface finish, etc.) such
that the model results match the reflection results of the bare metal. Formeasurement of
the polystyrene film the optical properties of the stainless steel remained constant (based
on the bare metal baseline) and the thickness of the film in the model was adjusted until
the model datamatched the experimental data (match in the oscillation frequency of the
reflection data). With an oscillation frequencymatch themodel film thickness
approximated the actual film thickness within 10%. Deviations in the amplitude of the
reflection signals are a result of the reflection characteristics of the substrate, the light
intensity, surface curvature, etc., and are not critical in the determination of the thin film
thickness.
The reflectometerwas first used to measure the bare stainless steel substrate (see
Figure 14). Figure 14 shows the reflection data from the stainless steel tube and the
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model reflection results plotted versus the light wavelength. The curves of themodel and
the data are nearly identical, indicating an excellent fit between the data and the model.
This
"calibration"
process established the reflective properties of the stainless steel tube.
Two different weight percent polystyrene solutions were tested, 5% and 10%.
The data collected from the 5% solution deposition trial are shown in Figure 15. The
model results, also shown in Figure 15, were attained by adjusting the model thickness
parameter until the frequency of the peaks in themodel matched those of the data.
Through this technique the thickness of the fouling film deposited from the 5% solution
was determined to be 0.8 microns (um). The same techniquewas used to characterize
the fouling deposited from the 10% solution, see Figure 16. The 10% solution resulted
in a deposit thickness of 1.7 urn. Measurement of thickness at various locations along the
test stainless steel tubes revealed that the film thickness varied 10 %( ~0.3 um). This
variabilitywas deemed acceptable for the purpose of evaluating the apparatus.
Based on these results and an estimation of a reasonable fouling thickness for
evaluation the 10% solution ofpolystyrene and Toluenewas used to coat the inside of the
apparatus.
4.4 Data Collection Procedure
The experimental run procedure was:
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2. Turn on the reservoir jacket system and adjust the temperature to the desired set point
(monitor the water temperature using the RTD , continue when set-point has been
reached);
3. Turn on all of the systems instruments;
4. Initiate water flow through the system;
5. Initiate data collection;
6. Turn on the power supply to the heater block heater;
7. Turn off the power supply to the heater block heater after 120 seconds;
8. After a total of approximately tenminutes, stop the data acquisition; and,
9. Continue cooling water system flow until apparatus has reached steady state
temperature.
The apparatus and cooling water starting temperature were adjusted to the same
value at the beginning of each experiment. This criterion was evaluated before the
beginning ofeach experimental run. If the temperature of the apparatus was not equal to
that of thewater supply the apparatus temperature was adjusted by running the flow
system.
4.5 Data Analysis - Historical
The theory for the transient heat transfer resistance fouling monitoring technique
required the determination of the thermal time constant of the apparatus under heating or
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cooling conditions. The thermal time constant was then related to the convective heat
transfer of the cooling fluid.
For the ideal system the transient process can be shown to follow the relationship
in Equation 12. Equation 12 shows that the convective heat transfer coefficient, h, can be
directly correlated to the time constant, zj .
pVc t
Tt




Where: tf is the thermal time constant
Analysis of the "ideal
system"
is simple [Fetkovich (1976)], however, the ideal system
approach has not been used because of the errors associated with the assumptions of the
method.
To eliminate the assumptions of the ideal system (i.e., utilization of a systemwith
finite conductances) Fetkovich (1976) utilized the exact solution to determine the time
constant. Fetkovich (1976) utilized several complex computer programs to solve the
exact analytical solution to the transient heat transfer problem. First, a device calibration
was performed. In this procedure a computer
program3
was used to solve the exact
analytical solutions for the device. This was done for different convective heat transfer
^The programs used by Fetkovich corrected for heat loss to the air (radial), the thermal contact resistances within the
apparatus, and axial heat losses.
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values. The resulting time constants, % were then correlated to the convective heat
transfer values using an equation of the form shown in Equation 134. This resulted in the
device "calibration curve".




Where: A, B, C, and D are constants in the equation regression fit
Next, the experimental thermocouple data were analyzed by a second program to
determine the experimental time constant. This was performed in an iterative loop to
select an appropriate "time
window"
for the determination of the time constant. The
experimentally determined time constant was then correlated to the convective heat
transfer using Equation 13. Lastly, the convective heat transferwere determined from the
computer generated analytical solutions.
Other researchers have employed a similar approach. The primary differences
being in the method for determining the correlation between the convective heat transfer
and the time constant. Kuzay etal. (1980) andKuzay etal. (1982) utilized a finite
difference analysis to correlate the convective heat transfer to the time constant for his
apparatus. Kuzay used a slightly differentmodel form for fitting the data.
^Here, A, B, C, and D are unknown functions of the characteristics of the system, i.e., various thermal inertias, thermal
boundary layer development, thermocouple contact conductances, system heat losses, the heat transfer coefficient of
the cooling fluid, and fouling thermal effects.
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- = A +
Bt+Ct1 +DT2
Equation 14
Kuzay then used theWilsonMethod [Wilson (1915)] to determine the inherent heat
transfer resistance of the device.
In theWilsonmethod the total thermal resistance of the system was measured at
various cooling fluid velocities. The total thermal resistance of the system/apparatus was
the sum of the inherent thermal resistance of the apparatus, the fouling thermal resistance
and the convective thermal resistance.
R-T =Rin + Rf + &co Equation 15
Where: Rf is the total thermal resistance of the system
Rjn is the inherent (natural) thermal resistance of the system
Rf is the thermal resistance of the system fouling
Rco is the convective thermal resistance of the system
Based on extensive experimental experience, it is assumed that under forced convection
conditions the convective thermal resistance is inversely dependent on the velocity raised
to a power,
Umn
[Wilson (1915), Fetkovich (1976)], where n
=
-0.8. The total resistance,
as measured by the apparatus when plotted versus the inverse of the solution velocity
yields a linear relationship. The intercept of the linear plotwith the y-axis (representing
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the infinite velocity condition) is a sum of the inherent and the fouling resistances of the
system. From the relationship ofEquation 15, the convective thermal resistance is
represented by the difference between the total resistance and the sum of the inherent and
the fouling resistances. This relationship is shown graphically in Figure 17. In the case
of a clean apparatus, the intercept value represents the natural or inherent conductive
resistance of the device. In the case of a fouled apparatus, the intercept value represents a
combination of the inherent conductive resistance and the fouling resistance. Thus,
determination of the fouling resistances can bemade by comparing the intercept values of
a fouled device to the intercept values of a clean device.
4.6 Data Analysis - Application
In this study, an empirically based approach was used to determine the correlation
between the time constant and the convective heat transfer coefficient. The measured
thermal time constants from the clean apparatus were directly correlated to the convective
heat transfer coefficient, as determined by the Petukhov and Popov correlation [Kakac
and Yener (1995)].
This was a simplified approach to the data analysis, compared to the methods
employed by previous researchers. The correlation was performed once, upon first using
the device. This approach accounts for all heat losses of the device without their direct
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(device is moved to another location or changing conditions within the same location),
re-
calibration, for those conditions, would be necessary.
The time constants were determined from the temperature versus time
experimental curves utilizing the least squares linear fitmethod [Press etal. (1992)]. To
utilize this approach the datawas first converted to a semi-log format. The least squares
fitmethod was then directly applied to the data. The data from the first 75 seconds of the
thermal decay curve were not utilized in the regression fit. These datawere excluded
because the secondary thermal time constants were significant over this region of the data
[Fetkovich (1976)].
The convective heat transfer coefficient was calculated using the Petukhov and
Popov correlation. This correlation applied to turbulent flow in circular ducts with
constant properties and constant heat flux boundary condition. The correlation was based
on the three-layer turbulent boundary-layermodel with constant adjusted to match the
experimental data (see Equations 16, 17, 18, and 19).
(f/2)RePr
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Equation 16
Where: Nu is the Nusselt number
/is the friction factor
Re is the Reynolds number
Pr is the Prandtl number
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/ = (3.64 logRe Equation 17
Re =
yoUm d/ju Equation 1 8
Um is the mean flow velocity
d is the circular duct diameter
ju is the dynamic viscosity of the fluid
Pr = cp fj./k
= v/ a Equation 19
v is the kinematic viscosity of the fluid
a is the thermal diffusivity of the fluid
The Petukhov and Popov correlation was applicable to fully developed flow in the
range of
104
< Re < 5 x
105
and 0.5 < Pr < 2000 with 1% error, and in the range of 5 x
105
< Re < 5 x
106
and 200 < Pr < 2000 with 1 to 2% error.
An empirical model was generated correlating the calculated heat transfer
coefficient (Petukhov and Popov correlation) and themeasured thermal time constant.
The correlationwas not linear, thus, a polynomial regression fit was performed. The
polynomial model used was of the form shown in Equation 20.






The data from the apparatus thermocouples, reservoir RTD, flowmeter, pump
power, and from the heater power supply were downloaded from Labview files into an
Excel spreadsheet for datamanipulation. The temperature data from the two
thermocouples in the reference block were averaged together to determine the transient
temperature profile of the reference block. This same averaging procedure was
performed for the heater block thermocouples. The average reference block temperature
data were subtracted from the heater block transient temperature profile. This
"referencing"
process was done to eliminate (orminimize) the impact of changing water
supply temperature on the transient cooling process and thus, to determine the
"true"
transient temperature profile due to the heating/convective cooling cycle. The true
transient temperature profile was then converted into a semi-logarithmic relationship to
determine the thermal time constant, tf fa described above).
The output from the reservoir RTD, flowmeter, pump power, and from the heater
power supply are all examined to determine if any anomalies or upsets occurred during
the experimental runs. Ifno upsets occurred, the flowmeter output was used to calculate
the convective heat transfer coefficient of the system (using the Petukhov and Popov
correlation).
A polynomialmodel was generated to describe the relationship between the
convective heat transfer values (from Petukhov and Popov) and the thermal time constant
(as described above).
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5.0 Results and Discussion
5.1 Experimental Design
The experiments were designed using "Design of
Experiments"
concepts. This
was done to minimize the number of experimental runs while still attaining statistically
sound data. The parameters involved in the experimental design included the flow rate of
the cooling fluid, the power supplied to the heater, the fouled state of the apparatus, and
the apparatus number (two apparatuses were constructed).
The four configurations tested are outlined in Table 17. Table 17 lists the
apparatus number, the power supplied to the heater, and the fouled state of the apparatus.
Five different cooling water flow rates were examined (1.0, 2.0, 3.0, 4.0, and 4.85 gpm)
for each test configuration. Several experimental repeats of the center flow rate, 3.0 gpm,
were executed to determine the standard deviation of the experimental process. The
temperature data for each experimental run were plotted and examined for anomalies, see
Figure 18. Figure 18 displays the raw data for a Test Configuration 1 experimental run at
a flow rate of4.85 gpm. Figure 18 shows that the two reference block thermocouples
measured nearly identical temperatures while some differences existed between the
measured temperatures of the heater block thermocouples. The similarity in output of the
reference block and heater block thermocouples, shown in Figure 18, was typical of all
experimental runs.
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Table 17: Experimental Conditions
Test Configuration Apparatus Number Heater Power Fouled State
1 Apparatus 1 150 W (nominal) Clean
2 Apparatus 1 268 W (nominal) Clean
3 Apparatus 2 268 W (nominal) Clean

















































The temperature difference data from Test Configurations 1, 2, and 3 are shown in
Figures 19, 20, and 21, respectively. Figure 19 presents the data in two forms: complete -
-
showing data from the entire experimental run, and partial ~ showing only the data that
were used in the determination of the time constant. To minimize the
"clutter"
in the
plots, Figures 20 and 21 show the data in the partial form. Figures 19, 20, and 21
illustrate the differences in the apparatus temperature with changing cooling water flow
rates. As the cooling water flow rate increased the temperature of the apparatus during
the analysis period was reduced. The reduced temperature was the result of increased
heat transfer during the heating cycle (lowering the final temperature of the apparatus).
The time constants for each experimental run were determined as described in
Sections 4.6 and 4.7. The least squares fit to the semi-log data yielded excellent model
correlations. The R2, the percentage of the total variability explained by the model,
averaged 0.9999 for all of the experimental runs (the range of
R2
values being 0.99975 to
0.99995). The Root Mean Square Error, an estimate of the standard deviation of the
model, averaged 0.03 F (the range ofRootMean Square Error values being 0.016 to
0.091). The
R2
and the Root Mean Square Error data for eachmodel run are shown in
Appendix E.
The resulting time constant data, including the standard deviation of the time
constant data, are given in Table 18. The standard deviations of the experimental process
(data collection and data analysis) were calculated through analysis of the three replicate
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1 185.7327 188.3056 167.1892 192.4905
2 149.4176 152.0272 132.8628 156.5946












4 127.3913 130.9157 111.4868 135.3914




.42974 .31522 .50775 .03914
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indicate that the experimental and analysis procedure are repeatable, to high precision.
The low standard deviation values also demonstrate that the differences in the measured
time constants are indeed real differences and not a function ofprocess variability.
Analysis of the time constant datawas performed by one of two techniques. First,
the time constant data were plotted with respect to the average flow velocity raised to the
power -0.8 (Wilson Method [Wilson (1915)]). Second, the inverse of the heat transfer
values, from the Petukhov and Popov correlation, were plotted with respect to the average
flow velocity raised to the power -0.8. Plotting the time constant data in these formats
enabled the comparison of the data from the different test configurations.
5.2 Effect ofHeating Rate
Test Configurations 1 and 2 evaluated Apparatus 1 at two different heat loads or
heater supply powers. This test was done to determine the effect of the heating rate on
the output of the device. The time constant values were plotted versus the average flow
velocity in Figure 22. Figure 22 shows that the time constants from Test Configuration 2
(high heat load) were larger than those ofTest Configuration 1. The higher heat load of
Test Configuration 2 resulted in a higher device temperature (compare Figure 19 with
Figure 20) and a larger cooling water temperature differential. The net effect of the larger
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The slopes of the time constant data (time constant versus average velocity) for
the high and low heat load conditions were 34.13 and 34.72 ( ((m/s)A-0.8) / s ),
respectively. The slope of the time constant versus velocity line can be utilized to
evaluate the measurement capability of the apparatus; a high slope indicating that small
changes in flow rate represented large changes in time constants, i.e., increased
measurement resolution. Because the slopes of the two curves were approximately equal
the measurement resolution at the two different heat loads was demonstrated to be
comparable. This indicates that unless temperature measurement resolution was an issue,
themeasurement capabilitywas independent ofheat load.
From the finite difference analysis, Section 3.2.2, it was deduced that larger
temperature differences would result in an increased ability to detect fouling heat transfer
resistances. This conclusion was based on an estimate of limited temperature
measurement resolution. The increased measurement capabilitywith the higher heat load
was not seen in these experiments. This discrepancy is most likely the result of sufficient
temperature measurement resolution (precision to 0.001 F) for the range of
temperature differences imparted to the apparatus (i.e., for lower heat loads, lower device
temperatures, the measurement resolutionmay begin to deteriorate). Therefore, if
measurement resolution was a factor, the lower temperature difference datawould
provide less detection capability.
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5.3 Comparison of the Two Apparatuses
Test Configurations 2 and 3 evaluated Apparatus 1 and Apparatus 2 at the same
heat load or heating rate. This test was done to determine the differences between two
devices, which were made to identical specifications. The time constant values are
plotted versus the average flow velocity in Figure 23. Figure 23 shows that the time
constants from Apparatus 1 (Test Configuration 2) were larger than those ofApparatus 2
(Test Configuration 3). The apparatuses were heated to approximately the same
temperature( 1 F), yet the time constant datawere significantly different. The reason
for the offset in the data is unknown, however, possible explanations include:
1 . Damaged thermocouples - resulting in poor (yet still repeatable) transient
measurement resolution;
2. Poor thermal conductivity between the thermocouple and the apparatus
(insufficient thermal grease);
3. Different heater and insulation (although the heater and insulation were generically
the same they were not identical);
4. Differences in the starting time and duration of the heating cycle; and
5. Differences in thermocouple location in the apparatus.
The slopes of the time constant versus average flow velocity curves were nearly identical,
34.72 and 33.54 ( ((m/s)A-0.8) / s ) for apparatus 1 and 2, respectively. Thus, the



















































o O o o o o o o




5.4 Fouled Versus Clean Apparatus
Apparatus 1 was selected randomly for the fouling test. Because of the potentially
highermeasurement resolution of the higher temperature condition the high heat load
condition was utilized.
The time constant values for Test Configurations 2 and 4 (clean and fouled,
respectively) are plotted versus the average flow velocity in Figure 24. Figure 24 shows
that the time constants from Test Configuration 4, fouled apparatus, were larger than
those ofTest Configuration 2, clean apparatus. This resultwas expected because fouling
results in a slower temperature decay rate (due to the increased thermal resistance of the
fouling layer), thus producing a larger time constant for a given flow rate (i.e., fouling
makes a high flow rate condition act like a low flow rate condition).
The time constant data for Test Configuration 2 were correlated to the convective
heat transfer coefficient, as determined by the Petukhov and Popov correlation. The
correlation form used was shown in Equation 20. The resulting model for the Test
Configuration 2 data is given in Equation 21.
h = 290092.1- 5154.3 r+ 30.97
r2
Equation 21
The model fit to the datawas excellent, with an
R2






















The Test Configuration 2 model was utilized to determine the convective heat
transfer values of the Test Configuration 4 time constants. The results of this analysis are
shown in Table 19. Table 1 9 data illustrates that the larger time constant values of the
fouled apparatus result in lower convective heat transfer coefficients. The convective
heat transfer data ofTable 19 are presented graphically in Figure 25. Figure 25 is a plot
of the inverse of the convective heat transfer versus the flow velocity, i.e., aWilson plot.
Figure 25 demonstrates the usefulness of theWilson plot method for visually
representing the influence of fouling on heat transfer. Figure 25 shows thatmost of the
data from the fouled apparatus falls in a near straight line relationship, except for the data
at the low flow rate, 0.3187 m/s or 2.49 m/s"0'8. This discrepancy may be a result of
model extrapolation in the determination of the convective heat transfer coefficient.
These result (Table 19 and Figure 25) were expected due to the addition of the heat
conduction through the polystyrene fouling.
The experimental results were used to calculate the fouling heat transfer resistance
using Equation 10. The results of the fouling heat transfer resistance analysis are given in
Table 20. Table 20 results indicate that the fouling resistance calculated at the low flow
rate condition, 0.3187 m/s or 2.49 m/s"08, differs from the fouling resistance calculated at
the higher flow rate conditions. This difference was most likely the result ofmodel
extrapolation in the determination of the convective heat transfer coefficient. The





Table 19: ConvectiveHeat Transfer Coefficients - Test Configurations 2 and 4,
Clean and Fouled, Respectively
Flow Time Constant, Test Config. 2 Time Constant, Test Config. 4











0.3187 188.3056 2051.58 192.4905 1475.57
0.6374 152.0272 3602.61 156.5946 3405.41
0.9561 138.5393 5029.77 142.9583 4358.25
1.2748 130.9157 6384.69 135.3914 5509.91
1.5457 127.4138 7496.42 133.0377 5993.07


















0.3187 2051.58 1475.57 0.0001903
0.6374 3602.61 3405.41 0.0000161
0.9561 5029.77 4358.25 0.0000306
1.2748 6384.69 5509.91 0.0000249















































Equation 10 was also used to estimate the thickness of the fouling film. The
thermal conductivity of the polystyrene used in the foulingwas 0.1 12 W/m K [Brandrup
and Innergut (1989)]. This value was utilized to calculate the thickness of the fouling
deposit (using Equation 10). Again, the results of the thickness analysis are given in
Table 21. The results from the low flow rate condition, 0.3187 m/s or 2.49 m/s"08, are
shown to differ from the results of the higher flow rate conditions. Again, this difference
is most likely the result ofmodel extrapolation in the determination of the convective
heat transfer coefficient. The average fouling thickness, excluding the low flow rate
condition data point, was 2.93 um.
The calculated average fouling thickness was compared to the fouling deposit
thickness in the apparatus. The measurement of the fouling thickness was performed by
indirectmeasurement5. The fouling thickness was approximated bymeasuring the
fouling thickness in the end cap fitting that was coated at the same time as the apparatus6.
(The end cap was placed on one end of the fouling apparatus while the apparatus was
filledwith the polystyrene/Toluene solution. The apparatus was then drained and the end
cap was removed, thus the end cap received similar drying/evaporation conditions). The
Pacific Lightwave Reflectometer was used to measure the polystyrene coating thickness
at three locations on the end cap. The end cap reflection output versus the light
wavelength are shown in Figures 26a, 26b, and 26c. Figures 26a, 26b, and 26c also
5 Direct measurement would have required destruction of the apparatus.
6 The method ofdirect measurement, through dissolving the fouling film in Toluene and weighing the mass of the
removed polystyrene was considered. The approximate weight of the polystyrene within the apparatus was
0.0000024 grams, therefore, measurement of the fouling weight was not possible.
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Note: The fouling thickness data was calculated using a thermal conductivity of 0.05768W/m K.
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Figure 26: ReflectometerMeasurement of the Stainless Steel End Cap:






















Figure 26b: MeasurementNumber 2
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Figure 26c: MeasurementNumber 3
containmodel fits to the experimental data based on the polystyrene film on stainless
steel substrate system. The models approximate (within 10%) the fouling thickness based
onmatching the oscillation frequency of the model output to that of the data. The
average fouling thickness measured by this technique was 1.61 urn.
The average fouling thickness as calculated from experimental data, 2.93 um, was
a factor of 1.8 different from the fouling thickness as measured by the reflection
technique, 1 .61 um. Unfortunately, a directmeasure of the apparatus fouling thickness
was not possible, without destructive testing. The difference between these fouling
thickness could be attributed to errors/assumptions in the reflection fouling thickness
measurement technique (the assumption that the end cap fouling is representative of the
apparatus tube fouling or the assumption that the fouling within the apparatus is uniform)
or the differences could be attributed to errors in the experimental fouling thickness
measurement (experimental error, model variability). The variability in the experimental
procedure were estimated using the error analysis technique. The result of that analysis
indicated that the three standard deviation thickness variation was + 1 .065 urn
(0.000001065 m). Based on this analysis the heat transfer apparatus measured fouling
thickness could have been as low as 1.87 um. Thus, the difference between the reflection
techniques and experimental fouling thickness results were not explained by the
experimental variability in the measurement process. Regardless, the differences between




measurement resolution of the apparatus was based on the detectable
fouling resistance or the measurable fouling resistance. The apparatus/analysis technique
was capable ofmeasuring fouling resistances on the order of0.0000263
m2
K/W. This
was of the same order ofmagnitude as the measurement resolution quoted by other
transient measurement investigators [Fetkovich etal. (1977) and Panchal (1989)]. In
addition, it appeared that the apparatus/analysis technique was capable ofmeasuring even
lower fouling resistances.
5.5 Comparison ofExperimental and Theoretical Time Constants
The Petukhov and Popov correlationwas used to calculate the theoretical time
constant for the apparatus, using Equation 12. The theoretical time constants are plotted
alongwith the Apparatus 1 and Apparatus 2 time constants (at the high heat load
conditions) in Figure 27. Figure 27 shows that the theoretical time constant is different
from the time constants ofApparatus 1 and Apparatus 2. Although there was a
considerable offset in the time constant data the slopes of the datawere similar; 45.37,
34.72, and 33.54 ( ((m/s)A-0.8) / s ) for the Petukhov and Popov correlation, Apparatus 1,
and Apparatus 2, respectively. The offset and slope differences in the time constant
results are the result of the oversimplification of the ideal model and the result ofheat
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Through the background research performed for this study the following
conclusions have been drawn:
1 . Multiple fouling measurement techniques have been utilized to study fouling.
2. The dominantmethod for the study of fouling is the thermal resistance method.
3. The transient thermal resistivity fouling measurement technique is one of the most




4. The transient thermal resistivity fouling measurement technique, while simple in
theory, is quite complex in application. The technique, as documented, has a complex
assembly, intricate instrumentation, and required complex programs to evaluate the
data.
5. Several foulingmonitor systems are commercially available. None of the
commercially available instruments utilize the transient thermal resistivity
measurement technique .
Through the theoretical and finite difference model evaluation of the transient
thermal resistivitymethod the following conclusions have been drawn:
1 . Temperature measurement capability is crucial for high accuracymeasurement of
fouling by the transient thermal resistivity fouling measurement.
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2. Time measurement capability was determined to be a secondary effect for high
accuracy measurement of fouling by the transient thermal resistivity fouling
measurement.
3. The geometric configuration of the transient thermal resistivity fouling measurement
apparatus has been optimized and the temperaturemeasurement locations for optimal
measurement resolution have been determined.
Through the design, fabrication and testing of a transient thermal resistivity
measurement apparatus the following conclusions have been drawn:
1 . A single piece foulingmeasurement apparatus has been designed and fabricated. The
advantage of this apparatus lies in its simplified design.
2. A simplified analysis technique has been utilized to analyze the results of fouling
tests.
3. The simplified apparatus and analysis technique showed measurement capability
comparable to or better than that quoted in the open literature.
4. A solvent evaporation technique was utilized to deposit a fouling layer ofknown
thermal conductivity inside the apparatus. This technique enabled the easy removal
of fouling as well as the application ofvarious fouling thickness'.
110
7.0 Recommendations
Based on the results of this study, it is recommended that the following studies be
performed:
1 . Further characterize the robustness and the measurement resolution of the apparatus
and analytical technique and using fouling layers ofdifferent thermal resistivity.
2. Eliminate the primary sources ofvariability in the experimental equipment and
procedures:
Automate the application ofpower to the heater (repeatable application time), and
Identify a more repeatable/easier to adjust power supply for the heater.
3. Develop an automated data analysis routine for ease in datamanipulation.
4. Evaluate amore repeatable method for applying a fouling layer ofknown thickness
and thermal conductivity to the apparatus.
5. Investigate the possibility of reducing the analysis cycle time. This would make the
device suitable for in-situ applications.use
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Appendix A: List ofCommercially Available FoulingMonitors[Chenoweth (1981)]
Betz Laboratories - Monital 79 - is a foulingmonitor that uses an indirectly heated tube
test section.
Betz Laboratories - Test HeatExchanger - uses a small steam-heated multiple tube heat
exchanger as the test section.
Bridger Scientific - DATS 1200 - uses an indirectly-heated single tube test section
surrounded by a block ofmetal inwhich thermocouples
are mounted at different radial distances.
Calgon Corporation - Corrosion Deposit Test Unit - uses a test section composed of a
series of samples subjected to the same test fluid.
Drew IndustrialDivision - P-U-L-S-EMobileAnalyzer - uses an indirectly heated annular
tests section.
Drew IndustrialDivision - P-U-L-S-EFixedAnalyzer - is a version of the P-U-L-S-E
Mobile Analyzer that can be installed for ongoing
monitoring at a plant site.
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Great Lakes Chemicals - Bio Film Monitor - uses an isothermal test section to measure
the variation ofpressure drop to detect the
development ofbiological fouling.
Mogul Corporation - DepositMonitor - uses an indirect electrically heated annular test
section.
Nalco Chemical Companies - MonitorDM1-M - uses an indirect electrically heated tube
which can be used to obtain total and average fouling
resistances.
Nalco Chemical Companies - DepositMonitorDM2T - uses an indirect electrically
heated annular test section to obtain both local and
total fouling resistances.
Petrolite Corporation - FoulingMonitor - uses an indirect electrically heated annular test
section to obtain total, average, and local fouling
resistances.
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Appendix B: Variations of the Thermal Resistance FoulingMeasurement Technique



























X X X X X
Wall Temp.
Determined
X X X X X X X X X X X X X X X
Surface Temp.
Determined
X X X X X X X X
Can be Made from a
Wide Variety of
Materials
X X X X X X X X X X X X
Determine Local
Fouling Factor
X X X X X X X X
Determine Average
Fouling Factor




X X X X X X X X X X X X X ? 9
Can Extrapolate to
Complex Geometry's
9 9 9 9 9 9 9 9 f 9 9 9 9 X 9
Easy to Control X X X X X X X X X X
Stable Operation
During Fouling Test
X X X X X X X X X X X 9 X




Key: 1 . Annular Geometry
2a. Thin-walled tube, indirect electric heating
2b. Thick-walled tube, indirect electrical heating
2c. Thick-walled tube, transient technique
3. Circular tube geometry, thermoelectric heating or cooling
4. Annular or Circular tube geometry, direct electrical heating
5. Annular or Circular tube geometry, sensible heat of fluids
6. Annular or Circular tube geometry, condensing vapor
7. Complex Geometry's
8. Electrically HeatedWires and Coils
T - Fouling fluid flows in circular tube H - Heating Fouling Fluid
A - Fouling fluid flows in annular duct C - Cooling fouling fluid
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Appendix C
Finite Difference Model Results:
Output Temperature Difference for the Final Model Output Value (600
Seconds Temperature Value) for the Three Node Positions; Model and
Parametric Variations Include: Different Levels of Fouling (1 E-5 and 1 E-6
KmA2/W), Different Model Volumes (0.00066 and 0.0019 mA3), Different
Heat Loads (500 and 1000 W), and Different Convective Heat Transfer
Coefficients
Position #1 Data
Nominal Convective Heat Transfer Coefficient
(W/m2K)
1000 1000 10000 10000
Fouling Heat Transfer Resistance (Km2/W) 1 E-6 1 E-5 1 E-6 1 E-5
Model Volume - 0.00066 m3; Heat Load
- 500 W 0.011196 0.112457 0.015434 0.167766
Model Volume - 0.00066 m3; Heat Load - 1000 W 0.022384 0.224922 0.030891 0.340771
Model Volume - 0.0019 m3; Heat Load - 500 W 0.002575 0.025768 0.007633 0.083309
Model Volume - 0.0019 m3; Heat Load - 1000 W 0.005153 0.051513 0.015274 0.166637
Position #2 Data
Nominal Convective Heat Transfer Coefficient
(W/m2K)
1000 1000 10000 10000
Fouling Heat Transfer Resistance (K m2/W) 1 E-6 1 E-5 1 E-6 1 E-5
Model Volume - 0.00066 m3; Heat Load - 500 W 0.010891 0.109391 0.017693 0.190846
Model Volume - 0.00066 m3; Heat Load - 1000 W 0.021775 0.218766 0.035404 0.389606
Model Volume - 0.0019 m3; Heat Load - 500 W 0.001797 0.017963 0.005829 0.063839
Model Volume - 0.0019 m3; Heat Load - 1000 W 0.003605 0.035931 0.011711 0.127754
Position #3 Data
Nominal Convective Heat Transfer Coefficient (W/
m2K)
1000 1000 10000 10000
Fouling Heat Transfer Resistance (Km2/W) 1 E-6 1 E-5 1 E-6 1 E-5
Model Volume - 0.00066 m3; Heat Load - 500 W 0.010697 0.10743 0.01894 0.20343
Model Volume - 0.00066 m3; Heat Load - 1000W 0.021393 0.214844 0.037907 0.416645
Model Volume - 0.0019 m3; Heat Load - 500W 0.001373 0.013706 0.004791 0.052467
Model Volume - 0.0019 m3; Heat Load - 1000 W 0.002758 0.027424 0.009633 0.105
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1 185.7327 0.99992 0.020
2 149.4176 0.999885 0.023
3 134.8588 .0999849 0.028
3 135.3299 0.999818 0.022
3 135.7169 0.999875 0.025
4 127.3913 0.999819 0.027
4.85 124.0311 0.99975 0.031
4.85 123.5738 0.999831 0.026
2 1 188.3056 0.999946 0.029
2 2 152.0272 0.999955 0.025
2 3 138.8991 0.999939 0.028
2 3 138.3116 0.999944 0.027
2 3 138.4073 0.999948 0.026
2 4 130.9157 0.999927 0.030
2 4.85 127.4138 0.999951 0.024
3 1 167.1892 0.999982 0.016
3 2 132.8628 0.999901 0.037
3 3 119.0669 0.99969 0.063
3 3 119.3543 0.99975 0.057
3 3 118.3671 0.999691 0.063
3 4 111.4868 0.999518 0.076
3 4.85 106.069 0.999265 0.091
3 4.85 107.548 0.999383 0.085
4 1 192.4905 0.999933 0.031
4 2 156.5946 0.999953 0.026
4 3 142.9064 0.999953 0.025
4 3 142.9843 0.999948 0.026
4 3 142.9841 0.999955 0.024
4 4 135.3914 0.999933 0.029
4 4.85 133.0377 0.999952 0.024
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